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The characteristic axion couplings could be generated via effective couplings between the Standard
Model (SM) fermions to a pseudo-Goldstone from a high-scale U(1) Peccei-Quinn (PQ) symmetry
breaking. Assuming that the UV-induced effective operators generate necessary couplings before
the PQ symmetry breaking, and any low-scale couplings to the SM are restricted to the Yukawa
sector, three minimal natural scenarios can be formulated, which provides a connection between the
QCD-axions and mediators at the GUT/string scales. We find that the PQ symmetry breaking scale
could be about 1015 GeV, higher than the classical QCD dark matter axion window but possible if
the anthropic window is considered. We also propose an experiment to probe such scenarios. If the
dark matter axion is discovered, they might suggest that we live in an atypical Hubble volume.
Introduction: The Peccei-Quinn (PQ) mechanism
provides a well-motivated and elegant solution to the
strong CP problem [1–5]. In it, a global U(1) PQ sym-
metry was broken both spontaneously and explicitly in
the early Universe, which produced very cold cosmologi-
cal relic density of a pseudo-goldstone boson, the axion.
The creation mechanism is now known as the misalign-
ment mechanism [6–11]. There are many promising axion
models such as the KSVZ axions and DFSZ axions etc.
[12–17]. The created cosmic axions can constitute most
of dark matter if the classical QCD dark matter axion
window fa ∼ O(10
11) GeV,ma ∼ O(10
−5)eV is satisfied,
which could be experimentally tested [18, 19], although
the other dark matter axion windows are possible [20].
Axion-like particles (ALPs) are generally created from
the extra dimension compactifications [21] which is of-
ten inevitable for a UV theory such as the string theory.
Due to the uncertainties of the instanton effects on the
compactified dimensions, ALPs have a relaxed fa −ma
correlation, and thus have a much larger window to serve
as the dark matter particles. The general ALPs, however,
may not be connected to the strong CP problem.
It is interesting to consider a scenario which has the
minimal UV-generated effective operators that couple to
the QCD sector. In this paper, we consider a minimal
complex singlet scalar extension of the Standard Model
(SM) in which the SM fermions and the singlet are car-
rying the U(1) PQ symmetry charges. Three possible
constructions with effective coupling operators generated
from the GUT/string scale are considered. The phe-
nomenological consequences and a possible laboratory
probe is discussed.
Theoretical formulation: A UV theory typically
can be written into some effective operators in a lower en-
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ergy scales which sometimes is necessary to study the UV
theory without abundant phenomenological data. Here,
we propose a minimal extension in which the SM fields
are charged under a high scale U(1) PQ symmetry and
a complex scalar S breaks it spontaneously. There are
three natural realizations of the effective operators:
Scenario I: the PQ charges are assigned as follows
Qi, Li, U
c
i , D
c
i , E
c
i : 1
Hu : -2
S : -4
(1)
where the subscripts i = 1, 2, 3 are the flavor index. Hu
is the SU(2) doublet that break the electroweak gauge
symmetry. The induced effective Lagrangian are
L = −yuijQiU
c
jHu − y
d
ij
S
M∗
QiD
c
i H˜u, (2)
−yeij
S
M∗
LiE
c
j H˜u ,
where H˜u = iσ2H
∗
d . The Yukawa terms of the SM down-
type quarks and the leptons are formulated by the UV
effective operators. The phase factor of S is the axion
after the S receives a vacuum expectation value 〈S〉. In
case the M∗ represents the physics at the string or the
reduced Planck scale, the effective axion PQ scale will be
fa ∼ 10
15−16 GeV. Note that this scale is about 4 orders
of magnitude larger than the classical window of the QCD
dark matter axions, therefore the PQ symmetry breaking
could be happened before the inflation and during which
an anthropic hubble volume was selected [20].
The effective operators can be generated by integrating
the heavy vector-like paricles as well. For example, we
introduce the vector-like fields (XDi, XD
c
i ) with a PQ
charges (3, − 3) at 1012 GeV, and ydij terms can be gen-
erated from integrating of the (XDi, XD
c
i ). The relevant
Lagrangian is
LXD = −y
′d
ijQiXD
c
jH˜u − y
′SDclXDk +M
XD
jk XD
c
jXDk,
2which yields the effective operators
Leff. =
y′dijy
′
kl
MXDjk
QiD
c
l H˜uS , (3)
where we have ydi1 ≡ −y
′d
i1y
′ and M∗ → M
XD. Since
MXD can be lower than the GUT scale around 1012 GeV,
this scenario is consistent with the classical QCD dark
matter axion window. The CKM quark mixing matrix
can be obtained by assigning proper yuij to the up-type
quark sector. The discussions for all the other effective
operators are similar. However, such kind of scenarios is
not minimal.
Scenario II: the PQ charges assume the following as-
signment:
Qi, Li, U
c
i , D
c
1 : 1
Dc2, D
c
3, E
c
i : -3
Hu : -2
S : -4
(4)
This scenario differs from the scenario I in the D2, D3
and the E fields:
L = −yuijQiU
c
jHu − y
d
ikQiD
c
kH˜u, (5)
−yeijLiE
c
j H˜u + y
d
i1
S
M∗
QiD
c
1H˜u
where i, j = 1, 2, 3 and k = 2, 3. The effective operators
involve the light 1st-generation d−quark. Because md ∼
4.7 MeV, we have 〈S〉 ∼ 1012 GeV if M∗ is at the string
scale. Also, it has E
N
= 2
3
.
Scenario III: the particles carry PQ charges as below
Qi, Li, U
c
2 , U
c
3 : 1
U c1 , D
c
i , E
c
i : -3
Hu : -2
S : -4
(6)
where the UV effective operators are assigned to the up-
type quark sector therefore
L = −yuikQiU
c
kHu − y
u
i1
S∗
M∗
QiU
c
1Hu, (7)
−ydijQiD
c
jH˜u + y
e
ijLiE
c
j H˜u
where i, i = 1, 2, 3 and k = 2, 3. With mu ≈ 2.2MeV,
〈S〉 ∼ 1012 GeV, it is compatible with M∗ of the string
scale. This scenario is similar to the scenario II, and has
E
N
= 8
3
.
Baryon number violation: The operators with net
baryon and lepton numbers in Scenario I can be written
as
ǫηρǫδσQηQρQδLσS
M3∗
∼
〈S〉
M∗
·
ǫηρǫδσ
M2∗
QηQρQδLσ,
U cU cDcEcS∗
M3∗
∼
〈S〉
M∗
·
1
M2∗
U cU cDcEc, (8)
where the B − L number is still preserved, and the anti-
commuting {η, ρ; δ, σ} = {1, 2} refer to SU(2)L doublet
indices. After U(1) symmetry breaking, these effective
operators become similar to the well known GUT-scale
mediated baryon number violating operators but with a
fore-factor 〈S〉 /M∗. The resulting contribution to the
proton decay rate is expected to scale by O(〈S〉
2
/M2∗ ) in
comparison to that from 4-fermion GUT induced opera-
tors. Similarly, we can study the Scenarios II and III.
Cosmological implications: In the following discus-
sions, we will consider the major phenomenological im-
plications when fa ∼ 10
15 GeV. The minimal models
lead to a possibility of fa ∼ 10
15 GeV which will pro-
duce too much dark matter if the PQ symmetry breaking
happened after inflation. However, if the PQ symmetry
happened before the early time of inflation an anthropic
window is possible. The major constraint is then the
inflation Hubble scale HI and the later generated isocur-
vature perturbations.
The axion field evolves in an expanding flat FRW uni-
verse as
∂2t a+ 3H∂ta−
1
R2
∇2a+ ∂aV (a) = 0 , (9)
where R is the scale factor, H = R˙/R is the Hubble
parameter, and V (a) is the potential of the axion field.
The potential term is written as
V (a) ≈ f2am
2
a(T )
[
1− cos(
a
fa
)
]
. (10)
If T > ΛQ ∼ 200MeV, the mass is temperature depen-
dent
ma(T ) ∝ m0b
(
ΛQ
T
)4
, (11)
where b ∼ O(10−2) and when T . ΛQ, the axion mass
m0 is almost a constant.
When H was very large, the axion potential V could be
neglected so the initial misalignment angle θ = a/fa was
frozen. The axions started to oscillate at 3H ≈ ma(T0)
and the resulting energy density at temperature T0 was
ρa ∼
1
2
ma(T0)
2
〈
a20
〉
. (12)
The average value of the field square over the universe is
determined by the initial misalignment angle θ0 and its
standard deviation σθ〈
a20
〉
= (θ20 + σ
2
θ)f
2
a , (13)
Notice that the axion energy density was transferred from
the QCD sector so the total energy density was conserved
δρtotal = maδna +miδni + 4ρrad
δT
T
= 0. (14)
The fluctuation of number density ni to entropy density
is
δSi =
δ(ni/s)
ni/s
= δni/ni − 3δT/T. (15)
3The axion energy density was small comparing to the
total energy density initially, and thus
δSa ≈ δna/na =
θ2 −
〈
θ2
〉
〈θ2〉
. (16)
Assuming δθ = θ − 〈θ〉 is Gaussian, we obtain
〈
δS2a
〉
=
2σ2θ(2θ
2
0 + σ
2
θ)
(θ2
0
+ σ2θ)
2
. (17)
As the U(1) PQ symmetry breaking happened before
inflation, the standard deviation is at the order of
σθ ∼
HI
2πfa
, (18)
due to the Gibbons-Hawking temperature at inflation.
Denoting the energy density of the particle specie i to
the photon number density as ξi(T ) = ρi(T )/nγ(T ), the
isocurvature perturbation is〈(
δT
T
)2
iso
〉
∼
(
ξa
3ξmatter
)2 〈
δS2a
〉
. O(10−11). (19)
Considering low scale inflation scenarios such as HI ≪
1010 GeV, the PQ symmetry breaking scale is then con-
strained as
fa & 10
14 GeV , (20)
if the axions constitute a majority part of dark matter
which should be consistent to our minimal model.
Experimental probe: With fa ∼ 10
15 GeV the ax-
ion has a mass about 10−8 eV. The energy per axion is
very small. In addition, the couplings to the SM par-
ticles are suppressed by fa, which makes experimental
detection difficult. It is, however, possible to probe the
scenario using the hyperfine splitting of atoms [22]. The
hydrogen 1S state is split into four energy eigenstates,
which, under a very weak external magnetic field, can be
written as a spin-0 singlet |0, 0〉 and three spin-1 triplet
states |1,mj〉 where j,m are the quantum number for the
total spin and its z-component. The energy gap ∆E be-
tween |1, 0〉, and |1, 1〉 is narrow if the external magnetic
field is sufficiently small
∆E/eV = 2.95× 10−6 + 2.58× 10−5(B/T )
− 2.95× 10−6
√
1 + 76.48(B/T )2 . (21)
For example, when B ≈ 0.001T, ∆E ≈ 2.5 × 10−8 eV
which is close to the axion mass in our scenario. When
the energy gap is adjusted to match the axion mass,
|1, 0〉 → |1, 1〉 transition will be induced at a rate
NR = N
π
f2ama
( v
δv
)2
ρDM (22)
= N · 3× 10−22
( v
δv
)2 ( ma
10−5eV
)−1( fa
1011GeV
)−2
s−1 ,
where v ∼ 3× 10−3 is the dark matter’s velocity relative
to the laboratory. Typically δv ∼ 10−3 for the velocity
distribution in our Galactic halo, ρDM ≈ 1 GeVcm
−3 is
the local halo density, and N is the amount of atom tar-
gets. For fa ∼ 10
15 GeV, ma ∼ 10
−8 eV and N ∼ 102
moles, the event rate is 16.2 per second. High |1, 0〉 oc-
cupation number atoms can prepared by Stern-Gerlach
apparatus to filterm 6= 0 states. The axion-induced tran-
sition flips the state to |1, 1〉 which could be countable
using the Stern-Gerlach apparatus again, and the spon-
taneous |1, 0〉 → |0, 0〉 decay does not cause contamina-
tion as m remains unchanged. In addition, the sponta-
neously |1, 0〉 → |1,−1〉 decay could be distinguished as
the resulted atomic diffraction is opposite in the Stern-
Gerlach apparatus. Assuming the system is cooled down
to a temperature that thermal noise is negligible and the
atomic spacings are sufficient large to avoid collision in-
duced transitions, the sensitivity with one year scanning
is
fa ≤ 8.1× 10
12GeV
√
GHz
∆f
√
N
mole
. (23)
Using N=102 moles, the covered mass range ∆f ∼
0.1 MHz ∼ 10−8 eV, and the U(1) PQ symmetry break-
ing scale can be tested up to fa ∼ 8.1× 10
15 GeV.
In additon to the induced atomic transitions, we also
note our model with fa ∼ 10
15 GeV falls in the optimal
detection range of a LC curcuit experimental desgin [23]
using haloscope or accelerator magnets.
Summary: Considering that the UV-induced effec-
tive operators generate the necessary couplings before
the PQ symmetry breaking, and any low-scale couplings
to the SM are restricted to the Yukawa sector, we pro-
posed three minimal natural axion models. They might
provide a connection between the QCD-axions and me-
diators around the GUT/string scales. We found that
the PQ symmetry breaking scale could be about 1015
GeV, higher than the classical QCD dark matter axion
window but possible when the anthropic window is con-
sidered. We also proposed the experimet to test these
scenarios. And if the dark matter axion is discovered, it
seems that we might live in an atypical Hubble volume.
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